Embedded silicon detector to investigate the natural radiative environment ABSTRACT: A detector based on a silicon diode was developed to investigate the natural radiative environment. As the detector is embeddable, it has low power consumption and is lightweight and small. The instrument was tested under different neutron beams and used during stratospheric balloon flights. A comparison of the experimental results with Monte Carlo simulation results shows that the embeddable detector is a promising means of investigating the natural radiative environment.
to 20 km, electrons have a higher flux than protons. We note that the electrons do not deposit a lot of energy (a few keV) in electronic devices. Pions have very low fluxes compared to neutrons and protons, whereas muons have fluxes nearly equal to those of neutrons and protons at altitudes lower than 10 km. Above this altitude, muons have a very low flux compared to particles other than pions. Of these particles, protons and neutrons are the main sources of failure in electronic devices.
3 Development of a dedicated detector
General principle and requirements
The LAERTES detector [4] is based on a reversed bias silicon diode which measures the energy deposited by ionizing particles. The silicon diode has an area of 4.5 cm 2 and an active zone that is 150 µm thick and 23.9 mm in diameter. There is a 32 mm diameter ring that is 12.3 mm thick around the active zone. The detection principle has been described in previous work [7] [8] [9] [10] . When a neutron interacts with a silicon nucleus, secondary ionizing particles are produced. The collection of the generated electron-hole pairs at the electrodes induces a current pulse. With the help of a capacitor, this pulse is collected by a charge preamplifier that has an output voltage proportional to the deposited energy (240 mV/MeV). The signal is then read by a Multi Channel Analyzer (MCA) and sent to a computer with a RS232 link.
It is possible to piggyback an experiment on a balloon flight by placing a small bag on the flight train between the balloon and the gondola (figure 2); however, some restrictions exist. The experiment needs to be placed in a small bag (25 cm long, 18 cm wide, and 18 cm high), and its weight must be under 2 kg. A 4 cm thick foam box is needed for insulation from low temperatures, so the remaining volume for the experiment is only 17 × 10 × 10 cm 3 . The package must also be autonomous in energy and communication. 
Design
To develop a compact and lightweight instrument, we first analyzed the dimension and weight constraints. The MCA is problematic on balloon flights, so we designed a new electronic system based on a microcontroller that uses a preamplifier to convert the deposited energy into a voltage. We developed two electronic boards (PCB), one for the experiment part and the other for the power supply. Both boards have an area of 10 × 10 cm 2 and a height of 4 cm, including the diode. The block diagram is shown in figure 3 .
The electronic principle is based on the conversion of the measured energy in the diode into voltage using a charge preamplifier. The voltage signal is then captured by a peak detector and treated by the analog-to-digital converter (ADC) of a microcontroller (1024 channels). The same signal goes to a comparator to trigger the microcontroller on an event. The comparator allows us to adjust the detection threshold. The energy of the event is then stored in an EEPROM as a channel number in the range of 0-1023. We use a real time clock to time stamp each event. The device can use either USB or Ethernet for communication. External batteries are used for the supply for the electronic devices, and 30 button batteries are used for the 90 V reverse bias of the diode (HV). We chose the button batteries because of their capacity (220 mA.h) and the really low current consumption of the diode (0.3 µA). A simple calculation shows that these batteries will last about 80 years in this application.
Writing on EEPROM is quite time consuming (∼3 ms), which can be an issue if the detection rate is high. Thus we base whether to perform this task depending on the particle flux being measured. Table 2 shows the differences in measurement ability for two modes. The first one is a "direct mode" where the data are not stored on the EEPROM but are transferred by USB or Ethernet. In the second mode the data are stored on the EEPROM. The table also shows the higher fluence rates for protons and neutrons that are equivalent for those frequencies. Note that the equivalent fluence rates for neutrons are higher than those for protons. This is due to the fact that not all of the neutrons will interact with a silicon nucleus, and not all of the neutrons that have interacted will deposit energy higher than 1.5 MeV (our detection threshold). Almost all of the protons will interact by direct ionization. For the neutron fluence rate calculation, we use an average cross section of 1 barn, the interaction probability of a neutron is around 0.1%. 
Calibration
A calibration is necessary to convert each value of deposited energy into a channel number (0 to 1023). The calibration is based on the correlation between the channel and the deposited energy in the diode. Equation (4.1) presents a linear law corresponding to the dependence of the energy E in MeV to the channel number N.
In this experiment, a Californium 252 source emitting 6.2 MeV alpha (activity of about 39 kBq) is used in parallel with a pulse generator. All of the measurements are made in a vacuum to ensure that the alpha particles do not loose energy in air before reaching the active zone of the diode. The 252 Cf source is placed 5 mm from the detector. A typical spectrum, shown in figure 4 , represents the number of detected events versus the ADC channel. There are three peaks, one for the Californium (#79) source and the others for two different pulses from the signal generator with amplitudes of 700 mV and 1.2 V (#495 and #831). Note that additional small peaks appear on the far left and right of the plot. The peak on the left corresponds to noise, and the peak on the right is from the last channel of the ADC (#1023), caused by the fission products of the 252 Cf source which have an energy higher that the upper detection limit of 81 MeV [11, 12] . Another small peak appears at channel #210, which results from a test on a well-known value used to verify the performance. Figure 5 shows a linear fit for the storing channel as a function of the test input, which shows a difference of only 2% for high channels. The high regression coefficient (0.9992) demonstrates the linearity of the equation for the electronics. Equation The deposited energy creating one electron-hole pair is 3.6 eV in silicon. The electrons are collected by the electrode and then the capacitor converts them to an electric charge. As the voltage of a capacitor is proportional to its charge, we can assume that the amplitude at the input of the preamplifier is proportional to the deposited energy in the diode.
Using Equation (4.2) and the channel where the alpha particle from the Californium source is stored (#79 in figure 4 , which corresponds to a voltage of 72 mV in this case), the equivalence ε (in mV/MeV) between the input voltage and energy can be found (Equation (4.3) ). ε = 72 6.22 = 11.576 mV/MeV (4.3)
We can finally calculate the deposited energy as a function of the storing channel (Equation (4.4) ).
5 Experimental validation and first measurements
Neutron beam tests
After the experiment was calibrated, tests in a neutron beam were performed. The beam was a quasi-monoenergetic 50 MeV neutron beam from The Svedberg Laboratory (TSL) [13] in Uppsala, Sweden. The irradiation runs lasted about 1 hour with a fluence rate of 1.35 × 10 5 n/cm 2 /s. The experiment was placed at the standard position in the irradiation room. To discover the impact of the aluminum ring around the diode which is not an active area, different angles were tested -6 -2012 JINST 7 P05007 (figure 6). The detection threshold was set to 1.5 MeV to minimize noise that can trigger low channel events. The experiment was in direct mode. Figure 7 plots the differential cross section as a function of the deposited energy with a normal and grazing incidence of the beam. We also plotted the results of our simulation made with the MC-ORACLE simulation code, which previously has been validated by experiments [14] . It is a Monte Carlo code which simulates the passage of particles (neutrons, protons, ions) in electronic devices. The code was used to define the irradiated structure and the type of particles as well Figure 8 . Differential cross section versus deposited energy from simulation and measurements, with a grazing incidence under an atmospheric spectrum (ANITA facility at TSL [13] ). as the energy, and it uses the DHORIN [15] database to select nuclear reactions. We simulated 100 000 forced nuclear interactions in a 150 µm thick silicon disk with a radius of 1.2 cm, which represents the diode structure. The same results were obtained by simulations of the complete diode (active area and ring). The location of each nuclear reaction was randomly chosen according to its probability of occurrence. The secondary ionizing particles produced during the nuclear reactions were followed in the structure, and the energy deposition in the depletion zone was then evaluated based on knowledge of the stopping powers in silicon. Finally, the code provided the differential cross sections as a function of the deposited energy. The results from the normal and grazing diode orientations were the same. They clearly show that there are no effects of the ring on the differential cross section. We also observed a good correlation between the measurements and the MC-ORACLE simulations for deposited energies higher than 2 MeV.
We also performed a test at the ANITA facility at TSL [13] , which provides a neutron energy distribution similar to what is found naturally in the atmosphere but with an acceleration factor of 3 × 10 8 . The run lasted about 1 hour with a fluence rate of 39 × 10 3 n/cm 2 /s for neutrons with energy higher than 10 MeV. Measurements were performed using a grazing angle. Figure 8 shows the differential cross section measured by LAERTES as a function of energy. It also plots the results of the MC-ORACLE simulation using the ANITA spectra as an input of the code. We observed a good correlation between the measurements and simulation.
Stratospheric balloon tests
The detector was designed to measure the natural radiation environment at different altitudes; thus, its first use was on a stratospheric balloon. The balloons were capable of a four hour flight at an altitude between 20 and 40 km. To eliminate problems with low temperatures, the experiment was packed in a 25 × 18 × 18 cm 3 box made of 4 cm thick polyurethane. We used two experiment boards and one supply board which provided sufficient power. We also used a lithium battery to power the experiment. On both experiment PCBs, the diodes were oriented normally (figure 9). The experiment was in storage mode.
We performed 15 stratospheric balloon flights. Figure 10 shows the typical results obtained during a balloon flight launched from Kiruna in Sweden (67 • N, 21 • E). The flight profile and the event rate per minute are shown based on the measured number of events each 500 seconds. The flight lasted 4 hours and was composed of three stages: i) 1.5 hours of ascent, ii) about 1 hour at the 28 km high ceiling, and iii) 1.5 hours of descent. We clearly see a good correlation between the altitude variation and the measured events flux.
We also observed that the number of counted events at high altitude, which corresponds to the highest measured flux, was around 25 events per minute (plus or minus 2 events per minute). Previous work [4] showed that during a balloon flight, the detected particles in a silicon diode are primarily protons. We also show that for altitudes higher than 28 km, QARM [6] and MC-ORACLE give an average flux of 24.5 events per minute. Consequently, we were able to detect protons during the balloon flight and also detect the variation of flux as a function of altitude. The measured event rate in the diode is 25 ± 2 events per minute (which corresponds to 0.09 p/cm 2 /s) and is in accordance with the MC-ORACLE simulation (24.5 events per minute). Note that this rate is inferior to our maximal measurement frequency, which is 600 events per minute.
Conclusion
We developed an embeddable instrument based on the usual principle of detection, a silicon diode. Its small features (<2 kg weight and <1.5 W consumption) allow it to be easily embedded on a stratospheric balloon either as a piggybacked experiment or placed in a gondola. We performed tests under a monoenergetic and atmospheric-like neutron beam and compared the results to our Monte Carlo simulations. The good agreement of the neutron beam results demonstrates the efficiency of our detector for deposited energies higher than 1.5 MeV. We also show that our modeling of the detector and the physical interactions are consistent. We conducted balloon flights at altitudes where protons are predominant and showed the evolution of the event rate as a function of altitude. The results of our simulations made with MC-ORACLE using QARM data gave us an event rate of 24.5 events/min, which was in good agreement with our measurements (25 ± 2 events/min). In conclusion, our detector is a good radiation environment investigation tool, especially with its reduced weight, size, and power requirements.
